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A study of an impurity driven phase-transition into a magnetially ordered state in the spin-
liquid Haldane hain ompound PbNi2V2O8 is presented. Both, marosopi magnetization as well
as
51
V nulear magneti resonane (NMR) measurements reveal that the spin nature of dopants
has a ruial role in determining the stability of the indued long-range magneti order. In the ase
of nonmagneti (Mg
2+
) doping on Ni
2+
spin sites (S = 1) a metamagneti transition is observed
in relatively low magneti elds. On the other hand, the magneti order in magnetially (Co
2+
)
doped ompounds survives at muh higher magneti elds and temperatures, whih is attributed
to a signiant anisotropi impurity-host magneti interation. The NMR measurements onrm
the predited staggered nature of impurity-liberated spin degrees of freedom, whih are responsible
for the magneti ordering. In addition, dierenes in the broadening of the NMR spetra and the
inrease of nulear spin-lattie relaxation in doped samples, indiate a diverse nature of eletron
spin orrelations in magnetially and nonmagnetially doped samples, whih begin developing at
rather high temperatures with respet to the antiferromagneti phase transition.
PACS numbers: 75.30.Kz, 75.40.-s, 76.60.-k
I. INTRODUCTION
Highly orrelated quantum spin systems exhibit a vari-
ety of intriguing magneti phenomena in redued dimen-
sions. Impurities introdued to suh systems have been
in the past suessfully employed to reveal the magneti
harater of host materials. The virtue of magneti dop-
ing and boundaries reated by nonmagneti dopants is to
introdue novel degrees of freedom. Study of eletroni
struture and eletron spin orrelations in the viinity
of the impurity sites is essential for understanding the
quantum state of the host. This approah has been,
for instane, widely exploited in the quest of nding an
interonnetion between magneti and superonduting
nature of high-Tc uprates.
1,2
Similarly, doping turned
out to be an irreplaeable soure of information about
the ground state in various other transition-metal oxides
exhibiting marosopially oherent ground states, suh
as singlet ground states in S = 1/2 spin-Peierls hains,3
spin ladders
4
and Haldane integer-spin hains,
5
whih all
show a spin gap in their exitation spetrum.
Common onsequenes of the nonmagneti impurities
embedded in low-dimensional antiferromagnets inlude
an enhanement of antiferromagneti orrelations and an
indution of staggered magneti moments near the impu-
rity sites. These eets are manifested in the viinity of
vaanies in one-dimensional
6
and two-dimensional
7
an-
tiferromagneti Heisenberg latties with gapless exita-
tions, as well as in spin-gap systems with robust nonmag-
neti ground states inluding spin-Peierls hains,
8,9
spin
ladders
10
and Haldane hains.
11,12
For this reason, it was
argued that the enhaned orrelations at short distanes
have a ommon origin independent of the long-distane
behavior of the spin orrelations. The enhanement an
be explained within the so-alled pruned resonating-
valene-bond piture to be a onsequene of pruning the
possible singlet ongurations for spins lose to the va-
any sites.
8,9
The staggered magneti moments have
been reently observed also experimentally in the ase
of nonmagneti
13,14
and magneti
14
doping of the Hal-
dane hain ompound Y2BaNiO5, where exponentially
deaying staggered magnetization was deteted next to
the impurities, with the staggered moments only weakly
dependent on the magneti nature of the dopants.
A rather unexpeted feature observed in dierent one-
dimensional spin-gap systems is the presene of long-
range magneti ordering indued by impurities.
3,4,15,16
The ordering is believed to originate from the impurity-
indued staggered moments. These moments are oupled
along the hains with an exponentially deaying stag-
gered exhange,
12
beause the oupling is mediated by
virtual exitations of the gaped medium.
17
Obviously, in-
terhain oupling is vital for providing foundations for the
three-dimensional magneti ordering.
18
There have been
few attempts, reently published, trying to unify the eld
of the impurity-indued magneti ordering. For instane,
Mélin et al.
17
highlighted the role of three harateris-
ti temperatures in doped spin-gap systems; namely, the
2temperature below whih spin orrelations within hains
begin to develop, the typial energy of the staggered
exhange, and the Stoner temperature of the order of
the interhain oupling, assoiated with the development
of three-dimensional magneti orrelations. The relative
amplitudes of the latter two have been argued to deter-
mine whether the impurity-indued long-range ordering
should be present. Although there is a great deal of re-
ports on long-range ordering as a onsequene of doping
dierent spin-gap systems, a omprehensive theory apa-
ble of prediting the observed transition temperatures
and the stability of the indued long-range magnetially
ordered states upon external perturbations suh as mag-
neti eld, still does not seem to be within reah. More-
over, the eet of the magneti harater of the dopants
on magneti ordering is partiularly vague and, therefore,
implores for further investigation.
The purpose of this paper is, therefore, to provide a fur-
ther experimental insight into the omplex problem of the
impurity-indued phenomena regarding the magnetism of
spin-gap systems. The emphasis is put on the ompar-
ison between magneti and nonmagneti doping of the
Haldane-hain ompound PbNi2V2O8, possessing hains
of Ni
2+
spins (S = 1), with a by far dominant nearest-
neighbor (nn) intrahain exhange oupling J = 95 K (in
units of kB).
16
d magnetization measurements are used
to explore the temperature as well as the magneti-eld
stability of the impurity-indued long-range magneti or-
der. In addition, nulear magneti resonane (NMR)
measurements on
51
V nulei weakly oupled to the sys-
tem of loalized eletroni moments through a transferred
hyperne oupling, are exploited as a loal-probe teh-
nique, apable of deteting the inhomogeneities as well
as the dynamis in the eletron spin system. We show
that the magneti nature of the dopants plays a ruial
role in reduing quantum utuations in Haldane hains
and thus helps stabilizing the magneti long-range order.
Moreover, it ditates the harater of the eletron spin
orrelations at low-temperatures.
II. EXPERIMENTAL
All the samples used in this investigation were
prepared aording to the same solid-state reation
proedure.
19
The resulting polyrystalline powders an
be addressed as solid solutions, sine the Mg
2+
and Co
2+
substitutions for Ni
2+
ions are randomly distributed.
Phase purity of the samples was veried by powder x-ray
and neutron diratometry,
19,20,21
whih revealed that
the eet of the impurities on the position of all the ions
within the unit ell is minor. The same samples were
used in our previous report presenting ombined results
of eletron spin resonane (ESR) and magnetization mea-
surements in low magneti eld.
22
Bulk magneti measurements were performed with a
Quantum Design SQUID magnetometer. d magnetiza-
tion was obtained from eld-ooled runs between room
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FIG. 1: (Color online) d suseptibility in PbNi2V2O8
(solid line), nonmagnetially doped PbNi1.88Mg0.12V2O8
(diamonds) and PbNi1.76Mg0.24V2O8 (triangles), as well
as magnetially doped PbNi1.98Co0.02V2O8 (stars) and
PbNi1.92Co0.08V2O8 (squares) in magneti elds of 0.1 T
(open symbols) and 5 T (full symbols and solid line). The
inset shows a derease of the low-temperature peak position
with inreased eld in the PbNi1.92Co0.08V2O8 ompound.
temperature and 2 K in stati magneti elds of 0.1 T
and 5 T.
51
V NMR measurements were onduted by standard
pulsed NMR tehniques in an external magneti eld of
6.34 T in the temperature range between room tempera-
ture and 4.2 K. Typial width of applied pi/2 pulses was
6 µs. Due to the rather broad NMR spetra the spetral
width of suh pulses was insuient to reliably detet the
full spetra even at room temperature. For this reason,
the NMR spetra were obtained in frequeny-sweep ex-
periments from the amplitude of the Hahn-eho-deteted
signals.
51
V spin-lattie relaxation was investigated by
employing a saturation-reovery method.
III. RESULTS
A. d magnetization
Upon doping, the PbNi2V2O8 ompound under-
goes a phase transition from the spin-liquid Haldane
state into the long-range magnetially ordered state.
16
The antiferromagneti nature of the observed ordering
was onrmed by additional Bragg peaks in neutron
diration patterns observed below the phase-transition
temperature.
19
The ordering an also be deteted by d
magnetization measurements, whih show lear peaks
in d suseptibility at the phase-transition tempera-
ture. In Fig. 1 suh measurements are presented
for two Mg-doped ompounds, PbNi1.88Mg0.12V2O8
and PbNi1.76Mg0.24V2O8, and two Co-doped samples,
PbNi1.98Co0.02V2O8 and PbNi1.92Co0.08V2O8. In a-
ordane with the previous measurements,
21,23
the
phase transition in an external magneti eld of
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FIG. 2: Magnetization urves for PbNi1.88Mg0.12V2O8 (dia-
monds) and PbNi1.92Co0.08V2O8 (squares) measured at 2 K.
Inset shows the derivative of both urves as well as of the
urve measured in the former ompound at 3.2 K (open dia-
monds).
0.1 T is observed in nonmagnetially doped samples
PbNi1.88Mg0.12V2O8 and PbNi1.76Mg0.24V2O8 at 3.4 K
and 3.2 K, respetively, while it is shifted to 7.1 K in
the magnetially doped PbNi1.92Co0.08V2O8 ompound.
The transition in the lightly doped PbNi1.98Co0.02V2O8
ompound is found around 2.6 K, similarly as reported
elsewhere.
24
The magnitude of the impurity-indued low-
temperature d suseptibility substantially depends
on the spin nature of the dopants as shown in Fig. 1.
This was suessfully attributed to the magneti ou-
pling between the impurity and the impurity-liberated
spins in our previous report.
22
Based on the impurity-
host antiferromagneti oupling in Co-doped samples,
Ji−h = 14 K, and the eetive ferromagneti oupling
between spins neighboring a partiular impurity site,
J˜ ′ ≈ −2 K, both derived from the ESR investigations,
we were able to give a quantitative desription of the
observed phenomenon.
Upon inreasing the stati magneti eld up to 5 T,
the peak in the d suseptibility disappears in the ase of
Mg-doping. On the other hand, the peak is only slightly
displaed to 6.5 K in the PbNi1.92Co0.08V2O8 ompound
as shown in the inset of Fig. 1. The latter observation
together with the signiantly inreased phase-transition
temperature in this sample indiate enhaned stability of
the magneti order in the obalt doped samples. The dis-
appearane of the phase transition in relatively low mag-
neti elds of the order of few Tesla has already been
reported for lightly Mg-doped ompounds
25
as well as
for the heavily doped PbNi1.76Mg0.24V2O8 ompound.
19
In the latter ase, a eld-indued metamagneti tran-
sition was suggested based on the d and a susep-
tibility results. Similar behavior is found also in the
PbNi1.88Mg0.12V2O8 sample. More speially, within
the magnetially ordered phase the eld dependene of
the magnetization urve exhibits a pronouned inetion
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FIG. 3: The olletion of (a) measured and (b) simulated
51
V NMR spetra in PbNi1.88Mg0.12V2O8. Fits represented
by solid lines are based on the assumption of temperature in-
dependent homogeneous broadening, while dashed lines or-
respond to temperature dependent broadening.
point (see Fig. 2), typial of the seond order phase tran-
sition from the antiferromagnetially ordered to the para-
magneti phase.
26
Suh transition an be reognized to
our around 1.4 T at 2 K, orresponding to the peak in
the derivative of the magnetization urve. The ritial
eld dereases with temperature. For instane, the peak
is observed around 0.5 T at 3.2 K (see Fig. 2).
On the ontrary, in PbNi1.92Co0.08V2O8 a linear de-
pendene of the magnetization urve is deteted up to 4 T
at 2 K (see Fig. 2). The urvature of the magnetization
urve is slightly enhaned above 4 T as expressed in its
derivative, however, it seems that even a magneti eld
of 5 T is still appreiably below the ritial eld value,
whih would destroy the magneti order. The antiferro-
magneti order in Co-doped samples obviously persists
to muh higher magneti elds, whih is also in line with
the results of the NMR measurements presented below.
B. NMR measurements
We have already reported on
51
V (I = 7/2) NMR mea-
surements in the pristine PbNi2V2O8 ompound as well
as in its Mg-substituted derivatives.
27
The temperature
evolution of the NMR spetra for the latter ase is shown
in Fig. 3(a) and Fig. 4(a). We fous our attention on the
broad spetra. A sharp resonane at 71.72 MHz is due
to the presene of
63
Cu nulei at or around our probe.
Similarly, the additional narrow omponent at around
71.42 MHz, observed in both Mg-doped samples will also
be negleted in the following analysis, as it shows no indi-
ations of oupling of the deteted nulei to the eletron
spin system.
27
At room temperature the NMR absorption spetra of
both Mg-doped samples look qualitatively the same as
those of the pristine ompound.
27
They an be explained
by the Hamiltonian
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FIG. 4: The
51
V NMR spetra (a) measured and (b) simu-
lated for the ase of PbNi1.76Mg0.24V2O8. As in the previous
gure, solid and dashed lines orrespond to simulations based
on temperature independent and temperature dependent ho-
mogeneous broadening, respetively.
H = HZ +HQ +Hhf +Hcs, (1)
where the rst term orresponds to the Zeeman energy
of
51
V nulear spins Ii in the external magneti eld
B0, the seond term HQ represents the quadrupolar ou-
pling of nulear quadrupolar moments with eletri eld
gradients, the hyperne term Hhf originates from the
transferred hyperne oupling of vanadium nulear spins
with surrounding nikel eletron spins Sj , and Hcs or-
responds to the hemial-shift Hamiltonian. The broad
struture of the spetra observed at room temperature
originates from the quadrupolar oupling with the on-
seutive satellite transitions displaed by νQ ≈ 80 kHz.
28
On the other hand, a pronouned broadening of the en-
tral transition (−1/2→ 1/2) is due to the anisotropy of
the hemial shift tensor.
28
Further, the isotropi part of
the transferred hyperne interation plays the dominant
role in determining the NMR shift. This fat is most
learly manifested in a gap-like behavior of this parame-
ter, whih thus sales with the bulk uniform suseptibility
of the parent ompound.
28
To evaluate the
51
V NMR frequeny shift the standard
VOCl3 ompound was utilized. Its
51
V NMR spetrum
is positioned at νdiaL = 70.974MHz in our magneti eld.
Sine the measured frequeny shift in the PbNi2V2O8
sample is a ombined ontribution of the isotropi part
of the transferred hyperne interation and the isotropi
part of the hemial shift tensor, the Larmor frequeny
of exatly ν0L = 71.0 MHz orresponding to the pristine
ompound at 4.2 K, an be used for setting the refer-
ene of a zero paramagneti shift. Namely, at suh low
temperatures the spin suseptibility on the Haldane spin
system should be diminished due to its ativated behav-
ior. The value ν0L is presented in our gures with NMR
spetra by horizontal lines.
When lowering the temperature, the spetra of the
Mg-doped ompounds exhibits a pronouned broaden-
ing with respet to the parent ompound, whih shows
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FIG. 5: The temperature evolution of (a) measured and (b)
simulated
51
V NMR spetra in PbNi1.92Co0.08V2O8. The ts
orrespond to paramagneti order (solid lines) and antifer-
romagneti (dashed lines) orrelations between impurity and
impurity-indued spins.
pratially unhanged linewidth in the whole investigated
temperature range. We have previously speulated that
this experimental nding should be a preursor eet
of the three-dimensional magneti ordering in both Mg-
doped ompounds.
27
In this paper, we oer a quantita-
tive desription of the broadening eet, whih is based
on the temperature evolution of the size of the impurity-
indued staggered moments as well as on the develop-
ment of the three-dimensional orrelations between them.
Contrary to the ase of the nonmagneti Mg
2+
dop-
ing, magneti Co
2+
dopants have a ompletely dierent
impat on the evolution of the
51
V NMR spetra. As
shown in Fig 5(a), in PbNi1.92Co0.08V2O8 the spetra
show less pronouned broadening with dereasing tem-
perature. They, however, exhibit a drasti hange in
their width and appearane (two-peak struture) below
6 K, signaling the transition into the magnetially or-
dered state. The broadening eet is even more redued
in the ase of the PbNi1.98Co0.02V2O8 ompound as pre-
sented in the next setion. The observation of broader
NMR spetra in nonmagnetially doped ompounds than
in magnetially doped samples seems surprising sine
magneti impurities are expeted to be oupled to the
vanadium nulei in ontrast to the vaant magnesium
sites. Thus, at least lose to the phase-transition tem-
perature Co
2+
impurities should signiantly ontribute
to the appearane of the NMR spetra due to slowing-
down of the eletron spin utuations.
To get a further insight into the temperature develop-
ment of the eletron spin orrelations, we also performed
51
V NMR spin-lattie relaxation measurements. Due to
strong transferred hyperne oupling the spin-lattie re-
laxation is expeted to be mainly aused by transverse
eletron spin utuations.
29,30
When the temperature is
lowered a rather diverse behavior is observed in dier-
ent samples. The monotoni derease of the parameter
(T1T )
−1
with dereasing temperature as observed in the
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FIG. 6: (Color online) The temperature dependene of the
51
V NMR spin-lattie relaxation rate (divided by tempera-
ture) in the parent and the impurity doped PbNi2V2O8 om-
pounds.
parent ompound, is harateristi of the Haldane-gap
exitations.
31
On the other hand, the low-temperature
up-turn in all doped samples gives a lear indiation of
the developing eletron spin orrelations, as disussed
further in the next setion. A rather surprising observa-
tion is again the fat that the low-temperature deviations
of the (T1T )
−1
in Mg-doped samples with respet to the
pristine ompound are observed from muh higher tem-
peratures than in Co-doped samples, while at the same
time the inrease of this parameter is muh more moder-
ate in the ase of the nonmagneti impurities. Similarly
to the bulk magneti measurement and the temperature
evolution of the NMR spetra, these experimental nd-
ings again indiate on the impurity dependent harater
of the eletron spin orrelations.
IV. ANALYSIS AND DISCUSSION
A. Frequeny shift and broadening of the
51
V
NMR spetra in doped ompounds
As already mentioned in the preeding setion, the
room-temperature lineshape of the
51
V NMR spetra
in the parent as well as in all the doped samples is
determined by the quadrupolar Hamiltonian and the
anisotropi part of the hemial shift tensor. In addition,
the relatively large shift of the spetra, i.e., ∆ν/ν0L =
0.4%, an be attributed to the transferred hyperne ou-
pling between the vanadium nulei and the eletron mag-
neti moments loalized on Ni
2+
(and impurity) sites,
Hhf =
∑
i,j
Ii ·Ai,j · Sj , (2)
where the sums run over all the vanadium nulei (Ii )
and over its six nearest-neighbor Ni
2+
sites (Sj ).
20,28
Although isolated V
5+
ions are diamagneti, they an
be addressed as being partially magneti
32
in the
PbNi2V2O8 ompound. This is due to the imbalane in
the losed vanadium eletroni shells aused by the in-
teration of vanadium and nikel eletrons, whih results
in the eetive transferred hyperne oupling between
the
51
V nulear spins and the Ni
2+
eletron spins. In
powder samples only the isotropi part of the hyperne
tensor ontributes to the shift of the NMR spetra, whih
allows us to estimate this oupling as
Aisoi,j =
2h∆νNAgµB
6χmolB0
= 0.17 mK. (3)
In the above estimation we used the room-temperature
value of the molar suseptibility in the magneti eld of
5 T, χmol = 5.6 · 10
−3
emu/mol, as a measure of the
average value of the nikel spins in the parent material
〈S0j 〉 = χmolB0/2NAgµB. Room-temperature g-fator
value g = 2.2 was determined by ESR measurement.33
In doped Haldane hains impurity-indued staggered
magneti spins 〈Sij〉 are expeted to be superimposed on
the uniform spin hain, dening the average spin value
at eah site as
〈Sj〉 =
〈
S0j
〉
+
〈
Sij
〉
. (4)
An NMR detetion of the staggered magnetization near
impurity sites has been, in fat, reently reported in an-
other Haldane hain ompound Y2BaNiO5.
13
The au-
thors observed additional peaks shifted to lower and
higher frequenies with respet to the main NMR line
of the
89
Y nulei being oupled to single Ni
2+
sites.
These lines were attributed to the yttrium nulei ou-
pled to the staggered moments, with exponentially de-
aying orrelations. The temperature dependene of the
orrelation length was shown to follow niely theoreti-
al preditions,
34
while the amplitude of the staggered
moments exhibited Curie-dependene for S = 1/2 spins,
in the ase of nonmagneti Zn
2+
as well as magneti
Cu
2+
dopants.
14
Well dened hain-end exitations, ex-
perimentally observed also at temperatures far above the
Haldane gap, where theoretially reprodued by quantum
Monte Carlo alulations,
35
whih justied the simple de-
omposition of the average spin value given by Eq. (4)
in a broad temperature range.
The shift of the NMR spetra in doped PbNi2V2O8
ompounds should reet the impurity-indued ontribu-
tion to the d magnetization of these ompounds. In Fig.
7(a) the temperature dependene of the rst moment of
the measured
51
V NMR spetra is presented. In the ase
of the nonmagneti Mg-doping the expeted up-turn in
the NMR shift is observed at low temperatures, however,
the inrease of the low-temperature d suseptibility is
muh more pronouned (see Fig. 1). Disagreement be-
tween the two quantities is even more obvious in the ase
of the magneti Co-doping. Here, the impurity ontri-
bution to the magnetization observed in the d susepti-
bility at low-temperatures is not reeted in the shift of
the NMR spetra at all. Although, at rst sight, these
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FIG. 7: (Color online) The temperature dependene of
the
51
V NMR (a) line position and (b) linewidth in doped
PbNi2V2O8 ompounds. The lines orrespond to the model
explained in the Setion IVB.
observations would suggest that our NMR measurements
an not detet the impurity-indued staggered magneti-
zation, we prove in the subsequent subsetion that this
is not the ase. Namely, the fat that vaant sites (Mg
2+
impurities) produe shifts towards lower frequenies and
that Co
2+
impurities indue weaker hyperne oupling
to
51
V nulei, prove to be essential.
The linewidth (seond moment) of the NMR spe-
tra also signiantly depends on the spin nature of the
dopants [Fig. 7(b)℄. The broadening with lowering tem-
perature for the Mg-doped samples is tremendous and
starts at rather high temperatures with respet to the
phase-transition temperature in low magneti elds. On
the other hand, the Co-doped samples show muh more
moderate broadening in the paramagneti phase and a
signiant inrease of the linewidth in the viinity of the
phase transition, harateristi of ritial eets, as ex-
plained below. This fat implies on a diverse nature of the
spin orrelations determining the low-temperature NMR
lineshape in both ases, whih is in line with the drasti-
ally dierent stability of the magnetially ordered phase.
B. Simulation of the
51
V NMR spetra
Contrary to the
89
Y (I = 1/2) ase in Y2BaNiO5,
13,14
the NMR spetra of the
51
V nulei in PbNi2V2O8 are
quadrupolarly broadened. For this reason, the impurity-
indued inhomogeneities of the spin density sensed by
vanadium nulei are hidden within the spetra at high
temperatures. For instane, at room temperature a spin
following the Curie dependene and orresponding to the
S = 1/2 degree of freedom indues aording to Eq. (3)
a frequeny shift of ∆νi = 30 kHz at the 51V nuleus,
to whih it is oupled. This value should be ompared
to the width of the room-temperature experimental spe-
tra, approximately given by 2νQ = 160 kHz. However,
at lower temperatures the impurity-generated features of
the NMR spetra are expeted to ome into sight.
Trying to onstrut a quantitative piture of the above-
mentioned eets, we performed the following simula-
tion proedure. In a nite spin hain (N = 4096) the
impurity positions with a given onentration were ran-
domly distributed. The uniform part 〈S0j 〉 of the av-
erage spin value at a ertain temperature was dedued
from the temperature dependene of the position of the
51
V NMR spetra in the pristine ompound. The on-
tribution of the staggered moments, 〈Sij〉, was alu-
lated from the position of all impurities, taking into
aount the staggered nature of the impurity-indued
moments with the theoretially predited temperature-
dependent orrelation length
34
and assuming the mag-
nitude of these moments to be given by the Brillouin
funtion, S ·BS(gµBSB0/kBT ). In addition, in the ase
of Co-doping, the spin of the impurities Si = 3/2, fol-
lowing the Curie dependene, was also taken into on-
sideration. The average spin value interating with a
partiular
51
V nuleus was then alulated as a sum of
four onseutive spins on Ni
2+
sites in one hain and two
spins in its neighboring hain. Namely, eah vanadium
nuleus is oupled through an oxygen bridge to four nn
nikel ions in one hain and to two nn ions in the neigh-
boring hain. As the vanadium-nikel distanes and the
bridging angles are very similar,
20
it is reasonable to rst
assume a ommon value of the isotropi hyperne ou-
pling, evaluated in Eq. (3). On the ontrary, a redued
hyperne oupling was onsidered for Co
2+
impurities,
(Aisoij )
i
= Aisoij Ji−h/J , in aordane with the redution
of the impurity-host exhange Ji−h with respet to the nn
intrahain exhange J.
22
From the distributions of the av-
erage eletron spin values sensed by
51
V nulei, stik di-
agrams of the NMR spetra ould be obtained. These di-
agrams were then onvoluted by a homogeneously broad-
ened Lorentzian line with the linewidth orresponding to
the room-temperature experimental spetra.
1. Mg-doping
The temperature evolution of the simulated spetra
for PbNi1.88Mg0.12V2O8 and PbNi1.76Mg0.24V2O8 is pre-
sented in Fig. 3(b) and Fig. 4(b), respetively. The solid
lines are alulated on the assumption of temperature in-
dependent homogeneous broadening, whih orresponds
to the ase of the parent ompound, where the lineshape
is given by the quadrupole Hamiltonian. Although the
exat agreement with the experimental spetra at lower
7temperatur es is not reahed, the impurity-indued shift
of a signiant portion of the signal towards higher fre-
quenies is in a nie qualitative agreement with the asym-
metri broadening of the NMR spetra observed in both
Mg-doped samples. When a temperature dependent ho-
mogeneous broadening of the lines is assumed, the ex-
perimental NMR spetra are adequately reprodued, as
shown by the dashed lines in Fig. 3(b) and Fig. 4(b).
The ts were made down to 10 K beause at lower tem-
peratures the assumed Curie dependene should beome
inappropriate due to the proximity with the antiferro-
magneti phase region. The predited spetrum at 10 K
is alulated with 3-times larger homogeneous broaden-
ing than the spetrum at room temperature. The ne-
essity of inluding enhaned homogeneous broadening
at temperatures signiantly above the ordering temper-
ature in low magneti elds reopens our initial assump-
tions that the three-dimensional ordering eets resulting
in the broadening of the NMR spetra, should be impor-
tant already at rather high temperatures.
27
This model an be also used for the predition of
the NMR frequeny shift. The alulated temperature-
dependene is given in Fig. 7(a) by a dashed and a
solid lines, for the ases of PbNi1.88Mg0.12V2O8 and
PbNi1.76Mg0.24V2O8, respetively. At lower tempera-
tures approximately 1.5-times larger shifts are predited
than measured. This an be understood as a onsequene
of the simpliity of our model taking into onsideration
the Curie dependene of the staggered moments. Suh
assumption is reasonable in the paramagneti phase, yet
lose to the phase-transition point a pronouned redu-
tion of the moments is expeted. Moreover, also the or-
relation length should be aeted by the viinity of the
magnetially ordered phase. The inreased orrelation
length produes less inhomogeneous distribution of the
spins sensed by the vanadium nulei and thus lower NMR
shifts.
2. Co-doping
The alulated spetra in the ase of the
PbNi1.92Co0.08V2O8 ompound are presented in
Fig. 5(b). At temperatures T ≫ Ji−h (14 K) a
paramagneti order of eah impurity spin and both
impurity-indued staggered spins is expeted, whih
orresponds to the ts given by the solid lines. At the
other temperature limit, T ≪ Ji−h, antiferromagneti
orrelations, produing eetive spin S˜ = 1/2 at impu-
rity sites are antiipated. The simulated spetra with
suh orrelations are presented by dashed lines and
agree reasonably with the measurements. The simu-
lations show slight broadening at lower temperatures
beause of the impurity-generated inhomogeneities in
the eletron spin distribution. However, experimental
spetra suggest that also the homogeneous broadening
must be enhaned below approximately 20 K, whih an
be understood as a preursor eet due to the proximity
with the antiferromagneti phase transition.
The phase transition into the magnetially ordered
state ours at approximately 6 K in the magneti eld of
6.34 T. Below this temperature the NMR spetra exhibit
strong broadening and the lineshape turns into a sym-
metri two-peak struture
28
as shown in Fig. 5(a). Suh
lineshape an be regarded as a signature of the bipartite
spin lattie orresponding to the antiferromagneti order.
However, as vanadium nulei sense averaged eletron spin
value over several sites, nonequivalent Ni-V bonds are
required. Dierent values of the oupling are plausible
sine the Ni-V distanes range from 3.33 Å to 3.48 Å
and the Ni-O-V bridging angles are spanned from 123
◦
to 135
◦
in PbNi1.88Mg0.12V2O8,
20
whih has a similar
rystal struture to the PbNi1.92Co0.08V2O8 ompound.
As seen from the simulated NMR spetra assuming an-
tiferromagneti ordering of eah Co
2+
impurity spin and
the two staggered spins liberated next to it (Fig. 5),
the observed low-temperature disrepany between the
51
V NMR line position shown in Fig. 7(a) and the or-
responding d suseptibility of the PbNi1.92Co0.08V2O8
sample (Fig. 1) an be satisfatory explained. It is due
to the ombined eet of the antiferromagneti orrela-
tions and the redued transferred hyperne oupling of
the vanadium nulei with obalt spins with respet to
oupling to nikel spins. Even more, the predited NMR
shifts at low temperatures displae the lines slightly be-
low the value of ν0L = 71.0MHz. Suh negative shifts give
a rm evidene for the validity of the presented model.
The simulated spetra assuming antiferromagneti or-
relations between eah impurity spin and the two lib-
erated host spins also provide an adequate explanation
why the inhomogeneous broadening of the NMR spe-
tra in Co-doped samples is severely redued with respet
to the ase of Mg-doping. The reason for the observed
dierene lies in the ombined eet of the antiferromag-
neti order and the redued value of the obalt-vanadium
transferred hyperne exhange. Next, there seems to ex-
ist a dierene also in the intrinsi homogeneous broad-
ening required to reprodue the low temperature spetra.
Surprisingly, this parameter is larger in the ase of the
nonmagneti doping, at least not in the extreme viinity
of the phase-transition temperature. This unexpeted
observation an be further inspeted by analyzing the
NMR spin-lattie relaxation, whih similarly displays the
temperature evolution of the eletron spin orrelations.
C. Diverse nature of the eletron spin orrelations
as deteted by the
51
V spin-lattie relaxation
The nulear spin-lattie relaxation due to the hyper-
ne interation, given by Eq. (2), is related to the trans-
verse omponents of the eletron spin utuation δS =S-
<S>.
29,30
In the ase of the dominant isotropi hyperne
oupling the spin-lattie relaxation rate is determined by
the transverse spin orrelations 〈δS+
q
(τ)δS−
−q
(0)〉, with q
being a wave vetor. In the high-temperature approxi-
8mation the spin-lattie relaxation is given by
36
1
T1T
=
kB
2~2
∑
q
Aiso
q
Aiso
−q
χ′′(q, ωL)
ωL
, (5)
where Aiso
q
is the Fourier transform of the isotropi hy-
perne oupling and χ′′(q, ωL) represents the dissipative
part of the transverse dynamial suseptibility.
When approahing the transition into the magnetially
ordered state the spin-lattie relaxation is expeted to
exhibit ritial dependene, due both to the divergent
harater of the stati q-dependent suseptibility in the
enter of the antiferromagneti zone, as well as due to
the ritial slowing down of the spin utuations.
30
It
should be noted that the low-temperature inrease of the
spin-lattie relaxation is muh more enhaned than the
inrease of the stati uniform suseptibility reeted in
the measurements of the d suseptibility and the NMR
shift, beause the spin-lattie relaxation detets spin u-
tuations at all wave vetors.
In Co-doped samples the above-mentioned expeted
behavior of the spin-lattie relaxation is shown in Fig.
6. The relaxation rate shows a strong temperature de-
pendene lose to the phase-transition temperature and
the peak observed for PbNi1.92Co0.08V2O8 at 6 K niely
orresponds with the ourrene of the two-peak stru-
ture of the NMR spetra. On the ontrary, the deviations
of the spin-lattie relaxation in Mg-doped samples from
the dependene observed in the pristine ompound ex-
tend to muh higher temperatures. At the same time,
however, they are suppressed with respet to Co-doping
at low temperatures. This observation suggests that the
antiferromagneti orrelations are inhibited in Mg-doped
samples by the magneti eld, whih is in line with the
bulk magnetization results in the magneti eld of 5 T
(Fig. 1). Therefore, enhaned ferromagneti orrelations
(reeted in inreased χ′′(0, ωL)) should most likely be
employed to aount for both the spin-lattie relaxation
behavior and the observed homogeneous broadening of
the NMR spetra in the ase of the nonmagneti dop-
ing. The NMR broadening detets also longitudinal spin
orrelations in addition to the transversal orrelations re-
eted in the spin-lattie relaxation.
30
D. Bulk magneti properties
As experimentally veried by both the bulk magne-
tization and the NMR measurements, the magnetially
ordered phase turns out to be muh more robust against
the magneti eld in the ase of the magneti Co-doping
than in the ase of the nonmagneti Mg-doping. The
metamagneti transition ourring around 1.4 T in the
PbNi1.88Mg0.12V2O8 at 2 K is a onsequene of a strong
easy-axis single-ion anisotropy D at eah Ni
2+
site,
19
whih is in aord with the inelasti neutron sattering
measurements, suggesting D = −5.2 K.37
In general, phase-diagrams of uniaxial Heisenberg an-
tiferromagnets show three distint phases depending on
the value of the single-ion anisotropy and the temper-
ature; the paramagneti phase, the antiferromagneti
phase and the spin-op phase between them. In the
mean-eld approximation of the exhange interation,
it was theoretially predited for S = 1 spin systems
that a diret metamagneti transition from the antiferro-
magneti to the paramagneti phase ours in magneti
elds below Bc = zJ0/gµB, if D > zJ0 (z is the oor-
dination number and J0 is the exhange onstant), with
the ritial eld dereasing with temperature.
38
In the
present ase of the one-dimensional spin system, whih
is in addition highly inhomogeneous, the part of the ex-
hange oupling onstant zJ0 is taken by the eetive
oupling providing the three-dimensional magneti or-
dering. The single-ion anisotropy value D = −5.2 K
should thus be ompared to the phase-transition tem-
perature TN = 3.4 K. The zero-temperature value of
the ritial eld is then expeted to be of the order
Bc ≈ kBTN/gµB = 2.7 T. The magneti eld above the
ritial value breaks the three-dimensional magneti or-
relations between staggered moments. However, due to
the rather low value of the observed ritial eld, the
antiferromagneti spin orrelations within the individual
staggered moments should not be aeted as they are
governed by the strong nn intrahain exhange. Suh be-
havior was very reently proposed to take plae in lightly
Mg-doped CuGeO3 ompounds, where a eld-ontrolled
mirosopi separation of the antiferromagneti and the
paramagneti phase was ahieved.
39
On the other hand, the magneti ordering in the Co-
doped samples is preserved even in magneti elds above
6 T as onluded from our NMR measurement. At
low doping onentrations of either magneti or non-
magneti impurities the indiret staggered exhange
12
Js(L) = (−1)
L
0.81J exp[−(L − 1)/ξ], mediated by the
gapped Haldane medium, plays the dominant role in de-
termining the stability of the magneti order. This pre-
dition is onrmed by the strong impurity-onentration
dependene of the phase-transition temperatures at low
doping levels in both ases.
24
However, at larger dop-
ing levels the ross-impurity exhange and the inter-
hain exhange between staggered moments, as weaker
exhange oupling mehanisms ompared to the indiret
staggered exhange, determine the stability of the mag-
neti order. The observation of the improved stability of
the magnetially order phase in Co-doped samples an
then be attributed to the signiantly enhaned three-
dimensional oupling of the impurity-indued staggered
moments. The Co
2+
impurities provide strong oupling
between the two neighboring liberated spin S = 1/2
degrees of freedom due to the strong impurity-host ex-
hange, as well as a rmer interhain onnetions. In
addition, due to the strong spin-orbit oupling with re-
spet to the rystal-eld splitting for Co
2+
ions,
40
an
anisotropi exhange is generally observed for these ions.
Suh anisotropy, whih redues the spin utuations and
thus enhanes the stability of the magnetially ordered
state, should prove highly important in the ase of the
9Co-doping. Namely, doping with Co
2+
ions results in by
far highest phase-transition temperatures with respet to
other magneti impurities.
24
Although, oneptionally, the impurity-indued long-
range ordering in dierent spin-gap systems should have
a ommon origin, the system dependent magneti prop-
erties determining the stability of the ordered state must
not be negleted in future theoretial studies. For in-
stane, as extensive work on doping the spin-Peierls
CuGeO3 ompound has shown, the spin of the dopants
has only a minor inuene on the phase-transition tem-
perature and the spin-op behavior of the antiferromag-
netially ordered state. On the ontrary, we have shown
that the stability of the magnetially ordered state in the
PbNi2V2O8 Haldane ompound ruially depends on the
magneti nature of the impurities.
V. CONCLUSIONS
We have presented a study of the impurity-indued
magneti ordering in the Haldane hain ompound
PbNi2V2O8. An intrinsi dierene between the eets
of the nonmagneti Mg
2+
and the magneti Co
2+
impu-
rities was observed. The long-range magneti order was
shown to be destroyed in Mg-doped samples at rather low
magneti elds implying that the antiferromagneti or-
relations within the impurity-liberated staggered mag-
neti moments should stay preserved, as they are gov-
erned by the strong nn intrahain exhange. On the
other hand, the
51
V NMR as well as the bulk magne-
tization measurements gave a lear indiation of the im-
proved stability of the antiferromagneti order in the Co-
doped samples. This experimental nding was attributed
to the enhaned three-dimensional magneti interations
between loalized staggered moments, provided by the
substantial anisotropi exhange oupling between im-
purity and host spins.
The staggered nature of the liberated degrees of free-
dom was indiretly explored through the appearane of
the
51
V NMR spetra. It was shown, that the broad-
ening of the spetra as well as the line shift orrespond
to the Curie dependene of the impurity-indued stag-
gered magneti moments, deloalized on the sale of the
theoretially predited orrelation length. An expeted
deviation of the model preditions from the experimental
results was found only in the viinity of the phase transi-
tion. In addition, the NMR measurements oered infor-
mation about the dierent harater of the eletron spin
orrelations for both types of doping. In Co-doped sam-
ples the ritial behavior of the NMR line broadening and
the spin-lattie relaxation was deteted at temperatures
lose to the phase transition. On the other hand, the
pronouned homogeneous broadening of the NMR spe-
tra and the enhaned spin-lattie relaxation was observed
in Mg-doped samples at surprisingly high temperatures,
despite the suppression of the antiferromagneti orrela-
tions upon the magneti eld, as deteted by the bulk
magnetization measurements. This should be due to the
enhaned spin orrelations at q = 0. It is envisaged that
this surprising behavior of the spin orrelations in the
nonmagnetially doped samples an be further inspeted
by the omplementary inelasti neutron sattering (INS)
measurements. As this experimental tehnique provides
both spetral and spaial information about spin utu-
ations, it should unover additional important aspets of
the magneti-eld driven transformation, enompassing
the nature of the spin utuations during the metamag-
neti transition in the doped Haldane-hain PbNi2V2O8
ompound.
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